Despite the increasing number of scientific reports describing adhesion of Lactobacillus to components of the human intestinal mucosa, information on the surface molecules mediating this adhesion and their corresponding receptors is fragmentary. This MiniReview compiles present knowledge of the genetically and functionally characterized Lactobacillus factors responsible for mediating adhesion to different components of the human gastrointestinal tract. In addition, for the proteins among these factors, the domain structure is discussed, and where appropriate the results of in silico analyses are reported.
Introduction
The human gastrointestinal tract (GIT) maintains a microbial population approaching 10 13 -10 14 organisms, and consists of more than 1000 commensal species whose collective genome 'microbiome' is estimated to contain at least 100 times as many genes as the human genome (Hooper & Gordon, 2001; Gill et al., 2006) . Lactobacilli are present throughout the GIT in variable amounts. For instance, in the distal gut they represent about 1% of the microorganisms per gram of luminal content, while only 0.01% of the total culturable counts from faeces belong to this genus (Dal Bello et al., 2003; Tannock, 2005) . However, because of their metabolism, lactobacilli are among the dominant bacteria in the proximal small intestine, i.e. duodenum and jejunum, where rich easily available carbohydrate-containing substrates derived from the host diet are used as a primary nutrient source (Bongaerts & Severijnen, 2001 ). This phenotypic trait is reflected by the significant number of genes encoding carbohydrate-utilizing enzymes and putative sugar transporters that have been described for some lactobacilli and which directly relate to the niche they occupy within the GIT (Claesson et al., 2007 and references therein) . Besides versatility in metabolism, physical interaction with exposed surfaces of the host is undoubtedly an important trait in understanding the human GIT ecology of Lactobacillus.
Compared with the present understanding of the adhesive mechanisms of human pathogenic bacteria, knowledge on the surface molecules mediating Lactobacillus adhesion to the intestinal mucosa (i.e. epithelial cells, mucus layer and/or extracellular matrices) and their corresponding receptors is less advanced. Yet, there is a vast increase of scientific reports found in the PubMed database (National Centre for Biotechnology Information, Bethesda, MD) when searching for Lactobacillus adhesion factors. This MiniReview focuses on already well characterized Lactobacillus factors, which, after experimental validation, have been shown to be involved in mediating adhesion to specific components of the human GIT.
The issue of adhesion
In order to study the multi-factorial process of adhesion, a variety of in vitro model systems for routine adhesion experiments [e.g. Caco-2 or HT-29 human derived adenocarcinoma cells (von Kleist et al., 1975; Pinto et al., 1983) , immobilized intestinal mucus (Roos & Jonsson, 2002; Vesterlund et al., 2005) , immobilized extracelullar matrices (Lindgren et al., 1992) ] and detection methods for the quantitative measurement of adhesion [e.g. quantitative culturing (Mack et al., 1999) , microscopical enumeration (Tuomola & Salminen, 1998) , radiolabelling (Bernet et al., 1993) immunological detection (Sanchez et al., 1993) , and FISH (Mare et al., 2006) ] have been developed. However, to gain a better insight into the molecular mechanisms of the complex lactobacilli-host interactions, several difficulties remain. For instance, protocols for measuring bacterial adhesion are not yet standardized across studies, the public availability of Lactobacillus genome sequences is limited, the genetic analysis of some lactobacilli (e.g. mutational analysis) is still difficult and reliable molecular markers of the host cells to monitor their colonization by lactobacilli are lacking. In studies of pathogen-host interactions, the latter limitation can often be circumvented by monitoring the interaction at a later stage in the pathogenic process [i.e. cellular invasion and multiplication, dissemination and/or persistence (Sakarya & Oncu, 2003; Pizarro-Cerda & Cossart, 2006) ]. Nevertheless, some factors mediating adhesion to the different parts of the mucosa (Fig. 1) , i.e. epithelial cells, mucus layer and extracellular matrices, have been characterized in detail.
Intestinal epithelial cells
Intestinal epithelial cells form a barrier that plays a fundamental role in the cross-talk between the host and the luminal content (Nagler-Anderson, 2001) (Fig. 1 ). Although many in vitro studies have demonstrated the adherence of Lactobacillus to the epithelial surface, only a few in vivo/ ex vivo (i.e. biopsy samples) studies have confirmed this adhesion (Valeur et al., 2004) . Lactobacilli adhesins can be classified according to their targets in the intestinal mucosa (i.e. mucus components, extracellular matrices) ( Fig. 1) , according to their localization in the bacterial surface ( Fig. 2) (i.e. surface layer proteins), and/or according to the way they are anchored to the bacterial surface (i.e. sortase-dependent proteins). Throughout this MiniReview, the characterized epithelial adhesins have been grouped according to properties or characteristics that are commonly used in research papers.
Mucus-binding proteins
The epithelial cells of the intestine are covered by a protective layer of mucus, consisting of glycolipids and a complex mixture of large and highly glycosylated proteins or mucins as the main components (Fig. 1) . Mucin expression and composition are dynamic, balanced between production by goblet cells and degradation by proteases (i.e. human and/or bacterial origin) and physical erosion in the gut due to transit functions (Deplancke & Gaskins, 2001) . Bacteria adhering to mucus might therefore have a short residence time. In this way, the mucus layer has the potential function of protecting the host against undesirable bacterial colonization. Nevertheless, mucus may also provide a habitat for commensal bacteria, such as lactobacilli (Kirjavainen et al., 1998; Ouwehand et al., 2001; Servin, 2004) . Confirmation of this Lactobacillus-mucus association has not only been observed in vitro (Tuomola et al., 2000) , but has also been validated by ex vivo/in vivo microscopic analysis of biopsy samples (MacFarlane et al., 2004; MacFarlane & Dillon, 2007) . In most cases, lactobacilli adhesion to mucus has been proposed to be mediated by proteins (Conway & Kjelleberg, 1989; Coconnier et al., 1992; Roos & Jonsson, 2002; Pretzer et al., 2005) , although so far unidentified saccharide moieties and lipoteichoic acid have also been reported to be involved (Mukai et al., 1992; Henriksson & Conway, 1996) . The lactobacilli mucus adhesins identified and functionally characterized until now are the extracellular mucus-binding protein (Mub) of Lactobacillus reuteri 1063 (Roos & Jonsson, 2002) , the lectin-like mannosespecific adhesin (Msa) of Lactobacillus plantarum WCFS1 (Pretzer et al., 2005) , and the Mub of Lactobacillus acidophilus NCFM (Buck et al., 2005) (Table 1) . These three mucusbinding proteins have the same domain organization typical of cell surface proteins of Gram-positive bacteria, i.e. an N-terminal signal peptide targeting the protein for transport through the plasma membrane, and a C-terminal anchoring motif (LPxTG) that is recognized by a family of enzymes called sortases for covalent attachment of the transported protein to the peptidoglycan of the bacterial cell wall (Navarre & Schneewind, 1994 Ton-That et al., 2004) (Table 1 ). In addition to the N-and C-terminus similarities, these three mucus-binding proteins share a similar mucusbinding domain (MUB) organization (Table 1) . This MUB domain, described as MucBP (MUCin-Binding Protein) in the Pfam database (PF06458), consist of a series of c. 50 amino acid residues in length and is found in a wide variety of bacterial proteins (Fig. 3) .
Based on the sequence of the MUB domains present in the Mub and Msa proteins of L. reuteri 1063 (Roos & Jonsson, 2002) and L. plantarum WCFS1 (Pretzer et al., 2005) respectively, a Hidden Markov Model (HMM) was recently used by Boekhorst et al. (2006a) in order to search for potential mucus-binding proteins present in several publicly available databases. As a result, a total of 30 proteins containing three or more MUB domains were identified in ten lactic acid bacterial species. In contrast to the MucBP domain from the Pfam database, the identified MUB domain varied in size, ranging from c. 100 to more than 200 amino acid residues per domain, and appeared most abundant, although not exclusively, in lactobacilli that are found mainly in the GIT. According to Boekhorst et al. (2006a) , this supports the hypothesis that this domain is involved in the adherence to intestinal mucus. Experimental validation of these additional putative mucus-binding proteins provides opens an interesting perspective to a better understanding of the role of the MUB domain as a functional unit for lactobacilli-host interactions in the GIT.
Sortase-dependent proteins as mediators of adhesion
Bacterial surface proteins constitute a diverse group of molecules with important functions such as adherence, invasion, signalling and interaction with the host immune system or the environment (Dramsi et al., 2005) . In Grampositive bacteria, a subgroup of these surface proteins contain the C-terminal motif LPxTG recognized by the enzyme sortase (SrtA), which cleaves between the T and G residues, and covalently links the threonine carboxyl group to amino groups provided by the cell wall cross bridges of peptidoglycan precursors. The product of the sortase reaction, a surface protein linked to peptidoglycan, is then incorporated into the envelope and displayed on the microbial surface (Marraffini et al., 2006) . Therefore, these surface proteins are commonly called sortase-dependent proteins. Although bacterial genomes encode many sortasedependent proteins (Pallen et al., 2001) , the majority of these proteins have no assigned function. Four Lactobacillus proteins belonging to the sortase-dependent protein family have been functionally characterized ( Table 1) . Three of the lactobacilli sortase-dependent proteins correspond to the already mentioned mucus adhesins of L. reuteri 1063 Mub (Roos & Jonsson, 2002) , L. plantarum WCFS1 Msa (Pretzer et al., 2005) and L. acidophilus NCFM Mub (Buck et al., 2005) . The fourth characterized sortase-dependent protein is LspA of Lactobacillus salivarius UCC118 which has been reported to mediate the adhesion of this strain to human epithelial cells and mucus (Claesson et al., 2006; van Pijkeren et al., 2006) (Table 1) . Indeed, the domain composition of this protein according to the Pfam database reveals eight mucus-binding domains (MucBP) (PF06458) (Fig. 3) . Consequently, LspA could also be included in the group of the fully characterized lactobacilli mucus-binding proteins.
In fact, interestingly, all of the so far functionally characterized Lactobacillus sortase-dependent proteins were reported to have the capacity to bind to mucus. However, this does not necessarily imply that all Lactobacillus sortasedependent proteins, putatively involved in mediating adhesion, would have an affinity for mucus components. The function of different putative sortase dependent proteins in lactobacilli still needs to be unravelled. Recently, the extracellular proteins of L. plantarum WCFS1 were predicted using a variety of bioinformatics methods, including domain analysis and phylogenetic profiling (Boekhorst et al., 2006b) . From this study, 12 proteins were identified as putative adhesion factors, 10 of which contained an LPxTG sortase motif. The domain composition of the identified proteins predicted their role in the adherence to collagen, fibronectin, chitin or mucus. Considering that Msa from L. plantarum WCFS1, whose role in adhesion has been experimentally validated, was among the 12 identified proteins, it is tempting to speculate on the role of some of these in silico identified sortase-dependent putative adhesins in the ecology of this particular strain. However, future in vitro and in vivo validation experiments are necessary to substantiate this hypothesis.
Surface layer proteins as adhesins
Lactobacilli surface layer proteins (S-layers) are generally monomolecular crystalline arrays exhibiting a morphologically similar, oblique lattice structure and representing 10-15% of the total protein of the bacterial cell wall ( (Vidgren et al., 1992; Avall-Jaaskelainen et al., 2002; Hynonen et al., 2002) and SlpA of L. acidophilus NCFM (Buck et al., 2005) . These proteins have been reported to mediate adhesion to intestinal epithelial cells (Hynonen et al., 2002; Avall-Jaaskelainen et al., 2003; Buck et al., 2005; Johnson-Henry et al., 2007) , extracellular matrices (Vidgren et al., 1992; Hynonen et al., 2002; de Leeuw et al., 2006) and/or to LTA of other bacterial species (Antikainen et al., 2002) (Table 1) . Additionally, some of these proteins were proven effective in preventing the adhesion of pathogenic bacteria to epithelial cells (Johnson-Henry et al., 2007; Chen et al., 2007) . Some of the characterized S-layer proteins have structural similarities, e.g. CsbA of L. crispatus JCM 5810 and Slp of L. helveticus R0052 contain a bacterial S-layer protein domain (PF032217), generally present in S-layer proteins (Fig.  3) . However, the presence of this domain is not a prerequisite for an S-layer protein. Indeed, the S-layer protein domain is absent in SlpA of L. brevis ATCC 8287, although previous experimental validation confirmed the presence of an adhesive domain at the N-terminal region of this protein (Hynonen et al., 2002) . Moreover, this SLAP domain is also absent in SlpA of L. acidophilus NCFM, which interestingly contains two MucBP domains (PF06458) (Fig. 3) .
Proteins mediating adhesion to extracellular matrices
In addition to the adherence capacity of some lactobacilli to the intestinal epithelium and/or mucus layer, various studies have associated Lactobacillus surface proteins with the adhesion of some of these microorganisms to various extracellular matrices (Fig. 1) . The extracellular matrix (ECM) is a complex structural entity surrounding epithelial cells, referred to as the connective tissue. The ECM is composed of various proteins including, among others, laminin, collagen and fibronectin. Some of these molecules can be shed into the mucus from the epithelium (Westerlund & Korhonen, 1993 and references therein; Styriak et al., 2003) . In case of damaged mucosa, ECMs can be exposed allowing undesirable microbial colonization and infection (Styriak et al., 2003) . However, because of the ability of some lactobacilli to adhere to these matrices, they can compete with pathogens for the same receptors and occupy their potential binding sites in the gut (Styriak et al., 1999; Neeser et al., 2000; Lorca et al., 2002) . One of the reported ECM adhesins is the collagen-binding protein (CnBP) of L. reuteri NCIB 11951 (Table 1) . This protein, which has the capacity to adhere to solubilized type I collagen (Aleljung et al., 1994) , has sequence similarities to the solute binding domain of bacterial ABC transporters (Roos et al., 1996) . Indeed, Pfam domain analysis indicated the presence of a bacterial extracellular solute-binding domain (PF00497) (Fig. 3) . This domain was also detected in the more recently identified CnBP homologous protein of L. reuteri 104R, MapA (mucus adhesion-promoting protein) (Miyoshi et al., 2006) (Fig. 3) . Remarkably, although MapA was reported to mediate the binding of L. reuteri 104R to Caco-2 cells and mucus, no mucus-binding proteins were detected according to Pfam. Other examples of lactobacilli binding to collagen include the previously discussed S-layer proteins of L. crispatus (CbsA) (Antikainen et al., 2002) and L. brevis ATCC 8287 (SlpA) (Hynonen et al., 2002) . Another type of Lactobacillus ECM adhesins are fibronectin binding proteins. These proteins have been identified previously in L. acidophilus NCFM (FbpA) (Buck et al., 2005) (Table 1 ) and L. brevis ATCC 8287 (SlpA) (mentioned previously) (Hynonen et al., 2002) . Domain analysis of these proteins reveals two different domains in L. acidophilus FbpA i.e. a fibronectinbinding domain (PF05833) and a domain of unknown function (PF05670) (Fig. 3) . However, no domains for L. brevis SlpA were found (Fig. 3) .
Peculiar Lactobacillus proteins mediating adhesion
Two unexpected Lactobacillus adhesins have been reported in Lactobacillus johnsonii La1 NCC 533 (Table 1 ). The first corresponds to the elongation factor Tu (EF-Tu) (Fig. 3) , a guanosine nucleotide-binding protein involved in protein synthesis in the cytoplasm (Granato et al., 2004) . However, interestingly, the EF-Tu of La1 has been shown to be localized at the bacterial surface, although no domains or motifs have been found in the protein to explain this observation (Granato et al., 2004) . Surface-translocated EFTu was first reported in Mycoplasma pneumoniae (Dallo et al., 2002) and since then has also been found in other bacteria including La1 and other lactobacilli (Granato et al., 2004) . Outside the cytoplasm, EF-Tu fulfils an alternative function. In La1, the surface-associated EF-Tu has been suggested to mediate the adhesion to human intestinal cells and mucins. Pfam analysis did only reveal domains typically found in elongation factors (Fig. 3) .
Another usually cytoplasmic-localized protein that has been found to be associated with the surface of L. johnsonii La1 is the heat shock protein GroEL, sometimes referred to as a chaperone of the Hsp60 class (Bergonzelli et al., 2006) . GroEL as a cytoplasmic protein is a mediator of protein folding. However, localized at the surface, it has been suggested to be involved in La1 adhesion to the GIT because recombinant GroEL has been reported to bind to human intestinal epithelial cells and mucus (Bergonzelli et al., 2006) . Similar to EF-Tu, no motifs have been found that would account for its translocation across membranes (Bergonzelli et al., 2006) (Table 1) . Pfam domain analysis indicated the presence of a TCP-1/cpn60 chaperonin family domain (PF00118) (Fig. 3) .
Nonprotein-mediated adhesion
Surface-associated factors such as LTA and exopolysaccharides have also been reported to affect Lactobacillus adhesion to the GIT.
LTA is a strongly negatively charged polyol phosphate polymer with its glycolipid anchored in the membrane and its poly(glycerophosphate) (Gro-P) chain extending into the cell wall (Neuhaus & Baddiley, 2003) (Fig. 2) . In L. johnsonii NCC 533, this molecule has been reported to mediate the adhesion to Caco-2 cells (Granato et al., 1999) .
In addition to LTA, the production of exopolysaccharides by lactobacilli has been reported to influence the adhesion to the intestinal mucosa. Exopolysaccharides are long-chain polysaccharides composed of branched, repeating units of sugars or sugar derivatives loosely attached to the cell surface or secreted into the environment (Ruas-Madiedo & de los Reyes-Gavilan, 2005) (Fig. 2) . In L. acidophilus CRL639, adhesion to ECM components has been attributed to the production of different types of exopolysaccharides (Lorca et al., 2002) .
Concluding remarks
Cell surface-associated macromolecules are considered to play an important role in the adhesion of lactobacilli to the GIT. Such interactions might lead to the competitive exclusion of pathogens and/or the modulation of host cell responses. Moreover, given the high number and diversity of the bacterial population in the GIT, it is expected that the functioning (i.e. expression, activity, etc) of the lactobacilli adhesins is influenced by factors present in the dynamic environment of the GIT (i.e. host responses, cell-to-cell communication molecules, etc). Therefore, unravelling the conditions that trigger the in vivo expression of these adhesins will certainly contribute to a better understanding of lactobacilli-host interactions.
Domain organization analysis of the described adhesins highlighted the presence of different binding domains within the same adhesin, and also the presence of a variable number of the same binding domain within adhesin orthologues (Fig. 3 ). An example for the first finding is the Msa adhesin of L. plantarum WCFS1, which in addition to the MUB domains contains a lectin-like mannose-binding domain. The second case is exemplified by proteins containing a MUB domain, which is involved in the binding of lactobacilli to mucus components. Duplication/repetition of this domain within the same protein has previously been suggested to increase the affinity of adhesins for mucins (Boekhorst et al., 2006a) . Based on this, it is tempting to speculate that the Mub adhesin of L. acidophilus NCFM that contains 17 MucBP domains could have a higher affinity for mucin compounds than its orthologues in L. reuteri 1063 (14 MucBP), L. salivarius UCC118 (eight MucBP) and L. plantarum WCFS1 (four MucBP), respectively (Fig. 3) . However, comparative adhesion studies are crucial to substantiate this hypothesis because the mucus-binding affinity of the different domains could differ. Moreover, affinity of different adhesins for mucin would not necessarily imply the same ranking of the bacterial species for adhesion to mucus, because it should be kept in mind that bacterial species might contain a diversity of adhesive factors and therefore redundancy of function. In terms of evolution, in principle, two mechanisms can alter the number of domains in a given species: gene duplications (or horizontal gene transfer) giving rise to paralogues, and recombinations within tandemly repeated mucus-binding domains thereby altering the number of domains per protein. One can expect selective pressure for accumulation of recombinations/duplications, thereby increasing (altering) the number of domains per cell (Verstrepen et al., 2005; Rando & Verstrepen, 2007) . Nevertheless, experimental validation is needed to confirm this hypothesis and its relevance in lactobacilli-host interactions in vivo.
Based on the functional information of the various lactobacilli adhesins discussed in this MiniReview, and in particular their domain organization, it will be of interest to conduct a bioinformatics analysis of the annotated Lactobacillus genomes and perform a genome-wide screening of such domains in orthologues and paralogues. Such an analysis has been conducted and proven to be informative for one type of mucus-binding domain, called MUB (Boekhorst et al., 2006a) .
Finally, with the progress of functional genomics, predicted extracelullar proteins containing domains involved in adhesion have become an attractive target for research. Moreover, special focus has been given to lactic acid bacteria, which are frequently encountered inhabitants of the human intestinal tract. These studies have helped to determine the putative adherence factors present in lactobacilli. However, multidisciplinary approaches such as experimental validation after in silico analysis are of pivotal importance in order to disclose the molecular mechanisms by which lactobacilli are able to adhere to the GIT and consequently modulate human health.
